Abstract-We have investigated the general characteristics of the power penalty due to the fiber chromatic dispersion effects in both fiber-wireless and photonic time-stretching systems. Two different modulation schemes have been demonstrated to reduce this penalty using our novel polymer modulators incorporating a multimode interference (MMI) structure. A single-sideband (SSB) modulator configuration has almost completely eliminated this penalty without a bandwidth limit. A double-sideband (DSB) modulator configuration with an appropriate quadrature bias has also shown significant improvement in bandwidth limitations for a given fiber link length.
I. INTRODUCTION

I
N FIBER-WIRELESS systems, the radio frequency (RF) signals are generated at the central exchange using optical techniques and transmitted to the remote base stations over optical fiber links. The simplest and best technique to modulate optical fields with RF signals is an intensity modulation scheme via Mach-Zehnder modulators (MZMs) with continuous-wave (CW) lasers. Using the conventional DSB modulation scheme, the RF power detected at the base station suffers from a periodic degradation due to the fiber chromatic dispersion. As the RF frequency or fiber-link distance increases, this effect is even more severe and limits the system performance. This detrimental effect can be mitigated using alternative modulation schemes [1] - [3] . In this paper, we derive more specific and standard expressions and confirmed them by experiments using standard MZM designs. This examination of the power penalty in CW applications can be also utilized for the appropriate and clear understanding of those in pulsed applications.
Photonic time-stretching (PTS) utilizes optical systems to enable high-speed analog-to-digital conversion (ADC) of RF signals at otherwise inaccessible high frequencies. By exploiting chirped optical pulses and chromatic dispersion in standard optical fibers, high-frequency RF signals can be stretched in time, without distortion, to lower frequency regimes where conventional electronic ADCs are able to digitize with high resolution. However, as in CW applications, the inherent fiber chromatic dispersion effects limit the actual bandwidth of PTS system [4] - [6] . We describe the general theory and present for the first time the experimental demonstration of PTS system associated with various modulation conditions including SSB modulation.
II. POWER PENALTY IN FIBER-WIRELESS SYSTEM
The basic structure for these MZMs is shown in Fig. 1 representing all possible modulation schemes and biases. If the input optical signal at is with unit magnitude, the generalized expression for output optical field from MZM modulated at is given by (1) where is the modulation depth at arm, is the optical phase shift controlled by dc bias, is the half-wave voltage. When this signal travels through the standard fiber with length of , the resulting optical field can be written in terms of three frequency components, , and , with different phase changes due to the chromatic dispersion (2) where , , , are the Bessel function values and is assumed to be small. Each phase change can be specified by usual Taylor expansion of the propagation constants (3) where group velocity dispersion in standard fibers is defined by ps/km nm. At the photodiode, the RF signal at modulation frequency is produced as a result of interference among these components. Normally the detected RF power is associated with their phase relationship, which consequently is a strong function of the dispersion parameter, fiber length and modulation frequency as can be seen in (3). In the following sections, it will be shown that it also could be significantly affected by modulation schemes and bias conditions.
A. Push-Pull DSB Modulation ( , )
Both arms are driven by RF signals with equal power and out of phase by . One arm is biased either at or corresponding to the quadrature bias voltages on the positive or negative slope of the MZM transfer function such that , with respect to the other arm. This is so called push-pull operation and the optical field from the MZM can be expressed by (4) The resulting intensity at the modulation frequency after propagating through fiber of length is (5) An optical carrier and two sidebands generated by DSB modulation experience different phase shifts along the fiber and result in a relative phase difference between the carrier and each sideband. Due to this effect, the RF power detected at the modulation frequency is not constant but varies with their phase relationship, which is dependent on dispersion parameter, fiber length, and modulation frequency. This power penalty is represented by the first cosine term in (5). Since, in this case, both RF arms are balanced, there is no initial phase difference between carrier and each sideband at the MZM so that the power variation appears in the form of for both quadrature biases.
B. Single-Arm DSB Modulation ( , )
When only one of arms is modulated and biased at , the optical field from the MZM can be expressed by (6) The resulting intensity at after propagating through fiber of length is (7) Similar to the previous push-pull operation case, the detected RF power is varying with the cosine function (first cosine term) due to the same effect. However, in this case, this modulation scheme introduces the additional phase difference between the carrier and each sideband at the MZM, which influences the detected RF power. As shown in (7), the first cosine term is shifted by when the signs correspond to quadrature bias voltages, . This indicates that the power nulls for the two different quadrature biases appear at different modulation frequencies (or fiber lengths). The DSB modulation driven in this fashion can increase the bandwidth for a given fiber link length or vice versa. Fig. 2 shows the theoretical graph for the power penalty as a function of modulation frequencies resulting from the two DSB modulation schemes discussed above. Push-pull operation has only one power null while single-arm operation has two depending on the quadrature bias points as shown in Fig. 2 . It can be also seen that single-arm operation biased at provides enhanced bandwidth compared to other two moulation schemes. On the other hand, even though the same modulation scheme is applied, the bandwidth is degraded by a factor of when biased at .
C. SSB Modulation ( , )
When the both arms are modulated but the RF phase difference on the two arms is , with quadrature bias voltage , the optical field from the MZM becomes (8) The resulting intensity at after propagating through fiber is
The SSB modulation cancels out one of the sidebands and generates only one sideband with a carrier. As a consequence, it is seen in (9) that the first cosine term associated with the power penalty disappears so that detected RF power is constant. Ideally, the RF signal generated by SSB modulation does not suffer from bandwidth or fiber link length limitations with either quadrature bias (see Fig. 2 ).
III. POWER PENALTY IN TIME-STRETCHING SYSTEM
PTS systems exploit the group velocity dispersion to temporally expand a pulse while preserving its envelope shape which has information. The details of this theory are described in [4] - [6] . Instead of the plane waveform in the CW case, a transform limited Gaussian pulse is assumed such as (10) Then, the same principle as in the CW system is applied to the PTS system so that the resulting intensity at for each modulation scheme is push-pull DSB with (11) single-arm DSB with
SSB with (13) where a stretching factor . Fig. 3 shows the theoretical graph for the power penalty as a function of modulation frequencies in a PTS system with . In the SSB modulation, the cosine term associated with power penalty disappears so that detected RF power is constant and does not suffer from bandwidth or fiber link length limitations with either quadrature bias. As in the CW case, push-pull operation has only one power null while single-arm operation has two depending on the quadrature bias points. For example, when the PTS system incorporates either SSB modulation or single-arm DSB modulation biased at , RF signals of up to 40 GHz (which is attainable by current technology) can be stretched out up to 4 GHz with without suffering from the power penalty. On the other hand, the power degradation is severe for push-pull operation or single-arm operation biased at in this modulation frequency range.
IV. DEVICE FABRICATION AND EXPERIMENTAL SETUP
The SSB MZM structure in Fig. 4 was fabricated using the recently developed polymer materials (CPW1/APC) and advanced polymer fabrication technologies. This guest-host system exhibits a high EO coefficient, low material loss at 1.55 m, and wideband frequency response over 100 GHz [7] . The single mode (SM) ridge optical waveguides were fabricated using the new inverted rib structures [8] . The key benefit of these inverted rib structures is that it can eliminate the damage problem on the core layer by the photoresist solvents when the waveguides are defined in the core layer. This ultimately resulted in much simpler fabrication procedure and lower propagation losses. Also the SM waveguide structures were designed to provide the symmetric mode shape with a rib depth of 0.8 m and waveguide width of 4 m. A large optical nonlinearity in the core region was achieved through electrode poling. The microstrip lines were vertically aligned to the optical waveguides in the interaction regions to provide inherent velocity match of RF signal and optical signal.
In order to reduce the complexity and bias drift from applying additional DC bias, instead of using a normal Y-junction splitting structure, an asymmetrical 1-by-2 MMI coupler was used in front of the SSB modulator. This structure was intended to offer the built-in bias with the equal power and required optical phase shifts of for two arms. The measured excess loss due to the MMI was less than 1 dB and power difference at two outputs was less than 0.1 dB, which corresponds to the phase difference less than 1 . Fig. 5 shows the experimental setup for the PTS system (and CW system). The optical source is a passively mode-locked fiber pulse laser with a 40 nm bandwidth at 1.55 m and a 40 MHz repetition rate (1.55 m Er fiber CW laser for CW system). Both fiber spools and are standard SMF ( , km for CW system). The dispersed input optical signal from is modulated at MZM by a 20 GHz sweep oscillator and amplified in an EDFA before entering . The stretched output from spool is detected by a photodiode and amplified by a RF amplifier. To exclude the frequency response of the MZM, the difference of the RF power before and after is measured by two RF spectrum analyzers.
V. EXPERIMENTAL RESULTS
A. Measurement in CW System
The SSB modulation at 18 GHz with a CW laser was first confirmed on the optical spectrum analyzer (OSA) at both quadrature bias voltages to ensure the performance of our SSB modulators (Fig. 6) . The upper sideband spectrum is corresponding to the quadrature bias at , and lower upper sideband spectrum is corresponding to the quadrature bias at . Fig. 7 shows the measured power penalty for the various modulation schemes and two quadrature bias points when the fiber length is 23 km. For the SSB modulation, the power nulls have not been observed for the entire frequency range at both quadrature bias points. On the other hand, the DSB modulation driven by single-arm operation has different power nulls depending on the quadrature bias points. The bandwidth, when biased at , has been increased by an amount of compared to the other quadrature bias point as can be seen in (7). The measured power nulls corresponding to and appear at 8.6 GHz and 15.6 GHz, respectively, slightly deviates from the expected values from (7) by approximately 0.5 GHz. This can be caused by factors such as an uneven splitting ratio, the modulation depth and small deviations from the quadrature bias points. These factors cause a small change in the initial phase which can slightly move the positions of the power nulls. The theoretical plot in Fig. 7 is calculated assuming a splitting ratio of 1, a negligible modulation depth and a deviation from the quadrature bias of 0.3 .
B. Measurement in PTS System
In our PTS measurement, the RF signal of up to 18 GHz was stretched out to 8.6 GHz . At each modulation frequency, the center of the shifted RF spectrum is observed on the spectrum analyzer. Fig. 8 shows the measured output RF frequencies as a function of modulation frequencies with fiber spools, km and km, which is in good agreement with the theoretical value for all modulation schemes and bias conditions. A low factor of 2.1 was intentionally used in our experiment to be able to see the first power nulls resulting from the DSB modulation biased at below 20 GHz frequency range. Since the frequency values at power nulls are proportional to , the first power nulls for the greater than 2 appear far beyond this frequency range.
The measured RF power penalties as a function of modulation frequency for the various modulation conditions are shown in Fig. 9 . Also shown in Fig. 9 are the theoretical power penalties including the effects described in the CW case such as a splitting ratio of 0.95, a negligible modulation depth and a deviation from the quadrature bias of 1.3 . The deviation from the original theoretical plot without considering these effects is about 2.5 GHz. The DSB modulation biased at shows the first power null at around 13.5 GHz while the DSB modulation biased at is expected to appear at 28 GHz. Therefore, the limit on the modulation frequency can be significantly improved even for the DSB modulation by using the alternative quadrature bias point. On the other hand, the SSB modulation, for both quadrature bias points, almost completely eliminates this penalty effect without a bandwidth limit as shown in Fig. 9 . Fig. 10 shows the RF power spectral density of modulated pulse before and after stretching for the DSB modulation with two quadrature bias points, , at the modulation frequency of 13.5 GHz. As expected from Fig. 9 , the stretched RF signals at this modulation frequency exhibit considerable amount of power at quadrature bias point and almost zero power at quadrature bias point . . RF power spectral density of modulated pulse before and after stretching for DSB modulation at two quadrature bias points. The spacing between peaks corresponds to the repetition rate of the mode-locked laser.
VI. CONCLUSION
In both fiber wireless and photonic time-stretching system, the power penalty due to the fiber chromatic dispersion effects is undesirable and limits the system performance. We have demonstrated techniques to reduce this power penalty using both polymer-based SSB and DSB modulators. The limit on the modulation frequency due to this penalty can be almost completely eliminated with the SSB modulation without a bandwidth limitation and also can be significantly improved with the DSB modulation by using an alternative quadrature bias point. These results indicate that SSB modulation or appropriately biased DSB modulation can have important roles in both CW and pulsed applications.
